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Entry of the above amendments is earnestly solicited. 
An early and favorable first action on the merits is earnestly 
requested. 

Should there be any matters that need to be resolved in 
the present application, the Examiner is respectfully requested 
to contact the undersigned at the telephone number listed below. 

Attached hereto is a marked-up version of the changes 
made to the claims by the current amendment. The attached page is 
captioned "VERSION WITH MARKINGS TO SHOW CHANGES MADE . " 

The Commissioner is hereby authorized in this, 
concurrent, and future replies, to charge payment or credit any 
overpayment to Deposit Account No. 25-0120 for any additional 
fees required under 37 C.F.R. § 1.16 or under 37 C.F.R. § 1.17. 

Respectfully submitted, 
YOUNG & THOMPSON 


Benoit Castel, Reg. No. 35,041 


745 South 23 rd Street 
Arlington, VA 22202 

BC/lmt Telephone (703) 521-2297 
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VERSION WITH MARKINGS TO SHOW CHANGES MADE 


IN THE CLAIMS: 


The claims have been amended as follows: 


— 3. 


(amended) 


Device according to claim 1 — e^e — 2-, 


characterised in that the respective second refractive means (2 k ) 
of the k element pairs (55*) are positioned adjacent to each 
other, forming a second group, the respective second refractive 
means (2 k ) in the second group being in physical contact.— 


characterised in that the respective first and second refractive 
means (2 k , 4 k ) of the k element pairs (55*) are positioned 
symmetrically on respective sides of the first element pair 


--5. (amended) Device according to one — e£ — fe£*e — claims — 1- 
through — 4- rdaim 1, characterised in that the refractive index 
(n k ) of the first refractive means (2 k ) and the second refractive 
means (4 k ) of a specific pair of the k element pairs (55 k ) is 
substantially equal . -- 

--6. (amended) Device according to e^e — &£ — t-he — claims — i 
through 5, claim 1, characterised in that spaces between the first 
refractive means (2 k ) and the second refractive means (4 k ) of 
each of the k element pairs (55*) are filled with a predetermined 
medium having a predetermined refractive index (n 0 ).-- 


--4. 


(amended) 


Device according to claim 2 — e^e 3-, 


(55 0 ) .— 
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— 7. (amended) Device according to eee — — fehe — claims — 3r 
through — 6-r daim 1, characterised in that the device further 
comprises first control means for moving the first refractive 
means (2 k ) and the second refractive means (4 k ) of at least one 
of the k element pairs (55k) with respect to each other, the 
direction of movement being perpendicular to a line of 
intersection of the input surface and output surface of the first 
refractive mearrs (2- K ) . -- 

--8. (amended) Device according to e**e — e£ — t-he — claims — 1- 
through — 7- rclaim 1, characterised in that the first and second 
refractive means (2 k , 4 k ) are formed by a first and a second 
prism (2, 4; 3, 5), respectively . -- 

--9. (amended) Device according to e**e — of the — claimo — =t 
through — g-y -claim 1, characterised in that the device (1) further 
comprises additional means (35, 36) of a dispersive material for 
applying a chromatic correction to the optical beam, in which the 
dispersive material has a refractive index which is different 
from the refractive index (n k ) of the first and second refractive 
means (2 k , 4 k ) of the first pair (55 0 ) and plurality of further 
pairs ( 55 k ) . — 

--11. (amended) Interferometer having a first input plane 
and a second input plane for receiving at least a first and a 
second optical beam and an interference plane for letting the at 
least first and second optical beam interfere, a first optical 
path being formed from the first input plane to the interference 
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plane and a second optical path being formed from the second 
input plane to the interference plane, 

comprising optical path delay means for introducing an optical 
path difference between the first optical path and the second 
optical path, characterised in that the interferometer further 
comprises at least one achromatic phase shift device according to 
e**e — of the — claims — 1 — through — 3r9-r claim 1, positioned in at least 
one of the first optical path and the second optical path.-- 

--13. (amended) Interferometer according to claim 11 or 
4r3-, characterised in that the interferometer comprises main 
control means for maintaining the phase- shift (*F 0 ) between the at 
least first and second beam at a predetermined value, the main 
control means being connected to the optical path delay means 
(26, 27), and the first control means. — 


9 


^ni^ 2-1 2-2001 J A ||)^QPAiyiB;v;;] A i?g§4gl!^Mi9^^g 

JC13 Rec'd PCT/PTg) 2 0,^ M^^02 

PCT/NL99/00558 amended page 1 


V59; ' 

Achromatic phase shift device and interferometer using achromatic phase shift device w ^ 

The present invention relates to an achromatic phase shift device for introducing 
a wavelength independent optical phase shift in a first optical beam during operation, Q 
5 compri s ing at least one dispersive clement according to the preamble of claim 1 . A 
second aspect of the present invention relates to an interferometer using such an 
achromatic phase shift device. 

The American patent US- A-S ,862,001 describes a non-deviating prism with a 
continuously variable dispersion. This arrangement of optical elements allows to obtain 

10 a variable angular dispersion without any angular deviation at a central wavelength. 

The most common means for obtaining a phase shift in an optical beam are phase 
shift devices using optical path delay means to influence the optical path of the beam 
and, thus, the phase of the optical beam. A disadvantage of such a known phase shift 
device is that the phase shift obtained is dependent on the wavelength. For applications 

15 in which the bandwidth of the light beam used is very small, this is not necessarily a 
problem. However, when a phase shift is needed in an optical beam with a broader 
bandwidth, the known device does not suffice. 

This may for instance be the case for the application of an achromatic phase shift 
device in an interferometer, used in observation of planets near stars. These 

20 interferometers are for instance used in optical synthetic aperture systems, using 
multiple optical beams from different telescopes separated by a certain baseline. The 
optical beams from the telescopes usually have a broad wavelength. To be able to 
detect planets near stars, the light of the star is nulled in the interferometer by 
introducing a phase difference of n radians between the interfering beams. Using 

25 known phase shift devices, a suppression factor of 100 may be obtained, while for 
certain detections a suppression factor of 10 6 is necessary. 

In the prior art, achromatic phase shift in an optical beam is accomplished using 
an achromatic phase shift device, which comprises dispersive elements being formed 
by at least two plan parallel plates with a different refractive index. The dispersive 

30 elements effectuate a wavelength dependent optical path difference, and with the right 
combination of materials (refractive index) and dimensions of the plates, an achromatic 
phase shift can be accomplished over a certain wavelength range. However, the 
dimensions of the plates are fixed and, therefore, the phase shift accomplished is fixed. 
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Also, at least two materials are needed with a different refractive index, which may be 
disadvantageous in numerous applications. 

It is an object of the present invention to provide a phase shift device for 
producing a phase shift over a wide frequency range, i.e. an achromatic phase shift 
device. It is a secondary object of the present invention to provide an interferometer, 
which is particularly suited for planet detection near distant stars, by nulling the light 
from the associated star. 

The first object is achieved by a phase shift device according to the preamble of 
claim 1, having the characteristic features of the characterising part of claim 
1 . characterised in that the at lea s t one dispersive element c omprise s a first pair formed 
by first refractive means and second refractive means, the first refractive means having 
a first refractive means input plane for receiving the first optical beam and a first 
refractive means output plane, the - first refractive mean s input plane and the first 
refractive means output plane being at a predetermined angle ft to each other , 
0 < ft < rc/2 9 the second refractive mean s having a second refractive means input plane 
and a second refractive means output plane, s aid second refractive means input plane 
being po s itioned equidistant to the fir6t refractive means output plane and the second 
refractive means output plane being positioned parallel to the first refractive means 
input plane . 

The arrangement of the device allows introducing a phase shift in an optical beam 
travelling through the device, by varying the position of the first refractive means 
relative to the second refractive means. The first and second refractive means may be 
placed at a certain distance to one another and have small dimensions, which are 
sufficient for refracting the optical beam in the device as desired. 

In a further embodiment of the present invention, the device further compri s es a 
plurality of k further pair s , k being an integer between 1 and M, each further pair 
comprising respective fir s t refractive means and respective second refractive means, the 
respective first refractive means of each of the plurality of further pairs having a first 
refractive means input plane for receiving the first optical beam and a first refractive 
means output plane, the first refractive means input plane and the first refractive means 
output plane - being at a predetermined angle ftk to each other, 0< p k -* r > ft/2, the 
respective 6 econd refractive me a ns of each of the plur a lity of further pairs having a 
second refractive means input plane and a second refractive means output plane , said 
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second refractive means input plane being positioned equidistant to the fir s t refractive 
means output pl a ne and the second refractive means output plane being positioned 
p a r a llel to the first refractive mean s input plane , 

Using multiple the further pairs of respective first and second refractive means, it 
becomes possible to obtain a phase shift of an optical beam through the achromatic 
phase shift device, which is wavelength independent over a broad wavelength region. 

In this embodiment, a perfect match of the predetermined phase shift is obtained 
for M+l wavelengths. 

In an embodiment of the achromatic phase shift device according to the present 
invention, the respective first refractive means of the plurality of further pairs are 
positioned adjacent to each other, forming a first group, the respective first refractive 
means in the first group being in physical contact. Preferably, also the respective 

second refractive means of the plurality of further pairs are positioned adjacent to each 

* — ■ — ■ — ■ — - 

other, forming a second group, the respective second refractive means in the second 
group being in physical contact. By positioning the respective first and second 
refractive means such that they are in physical contact, interfaces occur between 
materials of different refractive index. The feature that the elements are in physical 
contact enables producing achromatic phase shift devices in a reliable and robust 
manner. 

In a preferred embodiment of the achromatic phase shift device according to the 
present invention, the respective first and second refractive means of the plurality of 
further pairs are positioned symmetrically on respective sides of the firs t element pair. 
This allows a very compact arrangement of the device according to the present 
invention. 

In a further embodiment, the refractive index all-of the first refractive means and 
the second refractive means of a specific pair of the element pairs all of first pair and 
the plurality of further pairs have ais substantially equal refractive index . This has 
advantages with respect to production of the device (only one dispersive material is 
needed), but also during operation, as environmental conditions will have less impact 
when all refractive means are made of the same material. 

In certain arrangements of the first and second refractive means of the phase shift 
device, spaces may exist between the first refractive means and the second refractive 
means of each of the first pair and the plurality of further pairs. Preferably, these spaces 
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are filled with a predetermined medium having a predetermined refractive index. The 
medium can be air, a liquid or vacuum. For further calculating purposes, these spaces 
can also be regarded as forming first and second refractive means. 

To be able to use the device as a phase modulator, the device further comprises 
5 first control means for moving the first refractive means and the second refractive 
means of each of the first pair and the plurality of further pairs with respect to each 
other. Preferably, the direction of movement is perpendicular to a line of intersection of 
the input surface and output surface of the first refractive means. This allows variation 
of the distance travelled by the optical beam through the first and second refractive 

1 0 means and between the first and second refractive means of one or more of the first pair 
and the plurality of further pairs. This may be achieved very accurately by various 
control means known to the person skilled in the art. 

It will be clear to the person skilled in the art that the change in position of the 
first refractive means relative to the second refractive means may be obtained by 

15 moving the first refractive means, the second refractive means, or both. 

In an embodiment, the first and second refractive means are preferably formed by 
a first and a second prism, respectively. Such prisms with the required dimensions can 
be readily obtained or are easy to manufacture. 

In a further embodiment, the device further comprises additional means of a 

20 dispersive material for applying a further chromatic correction to the optical beam, in 
which the dispersive material has a refractive in#ex, which is different from the 
refractive index of the first and second refractive means. This embodiment enables a 
further achromatic correction, diminishing the higher order wavelength dependent 
errors in the chromatic correction. 

25 In a preferred embodiment, the device introduces a predetermined pha s e shift v j/p 

between the first optical beam and a second optical beam, the second optical beam 
running sub s tanti a lly parallel to the first optical beam over an optical path length w Ql a 
fir s t optical axi s being defined from a device input surface to a device output surface, 
the first refractive means having a first distance d^ along the first optic a l axis and the 

30 second refractive means having a second distance d^ " along the first optical axi s, the 
first optical beam being at an angle Qk with the first optic a l axis and a modified 
refractive index being defined as a^-^ftk CQ 6 & m in* which the s um d^ of the first and 
s econd distance of the first and s econd refractive means and the required optical p a th 
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wq are determined by - solving the following equ a tions for the wavelengths at which the 
predetermined phase s hift should be obtained exactly ; 

-w 0 +a 0 (A. 0 )d 0 + + a IM (X 0 )d IM =^-X 0 


-w 0 + a 0 (X M )d 0 + + a M . 1 (X M )d M . 1 =^-X M 

271 

In this embodiment^ a perfect m a tch of the predetermined phase shift ic obtained 
5 forM+1 wavelengths , 

In an alternative embodiment the sum of the first and second distance of the first 
and second refractive means and the required optical path are determined by requiring 
constant terms and terms with X 2 , X 3 ... X M to become zero and the term with X to 
become equal to \\fo/2n in the equation for the introduced optical path length difference 
1 0 Wd(X) according to 

M-1 

w d (X) = -w 0 + £{a k0 +a k1 (X-X 0 ) +a k2 (^-?, 0 ) 2 }d k 

k=0 

in which ako, a^, ... = series expansion coefficients of the modified refractive index a*, 
according to a k = a k0 + a k1 (X - X 0 ) + a k2 (X - X 0 ) 2 , and 

in which X is a wavelength of the optical beam and Xq is a central wavelength of a 
1 5 predetermined spectral band. 

In this alternative embodiment, an M-th order" fit is obtained for the wavelength 

dependent phase shift around the central wavelength Xo. 

By changing the design parameters of the first and second refractive means, the 

phase shift obtained is independent of the wavelength of the optical beam. This allows 
20 introducing a constant, wavelength independent phase shift in optical beams having a 

relatively broad bandwidth. 

With the achromatic phase shift device according to the present invention, 

applications can be made for adjustment, modulation and/or closed loop control of the 

phase difference of broad band, interfering optical beams. 
25 A second aspect of the present invention relates to an interferometer having a first 

input plane and a second input plane for receiving at least a first and a second optical 

beam and an interference plane for letting the at least first and second optical beam 

interfere, a first optical path being formed from the first input plane to the interference 
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plane and a second optical path being formed from the second input plane to the 
interference plane, comprising optical path delay means for introducing an optical path 
difference between the first optical path and the second optical path, characterised in 
that the interferometer further comprises at least one achromatic phase shift device 
5 according to the invention, positioned in at least one of the first optical path and the 
second optical path. 
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1. Achromatic phase shift device for introducing a wavelength independent 
optical phase shift in a first optical beam during operation, comprising at least one 
dispersive element, ^ 
charact e ris e d in that 

the at least one dispersive element comprising^ a^fos t k element pairs (55ko) , k being 
an integer between 1 and M, each element pair being formed by respective first 
refractive means (2 k ) and second refractive means (4 k ), 


\ 

w 


vX 


rv 


10 the respective first refractive means (2k) having a first refractive means input plane (6) 
J \ c/ f° r receiving first optical beam (4G) and a first refractive means output plane (8V 
the first refractive means input plane (6) and the first refractive means output plane (8) 
being at a predetermined angle Pk to each other, 0 < pk < tc/2, 

the respective second refractive means (4k) having a second refractive means input 
15 plane (10) and a second refractive means output plane (12), said second refractive 
means input plane (10) being positioned equidistant to the first refractive means output 
plane (8) and the second refractive means output plane (12) being positioned parallel to 
the first refractive means input plane (6)t 

20 2 . Device according to claim 1 ; charact e ri se d in that the device further 

compri s e s a plurality of k further pairs (55Q, k being an integer between 1 and M» e a ch 
further pair (55w) comprising re s p e ctive first refractive means (2$ and respective 
second refractive means (4^ 

th e respective fir s t refractive means (3^) of each of the plurality of further pairs (55£ 
25 having a first refr a ctive mean s input plane (6) for receiving the fir s t optical beam (40) 
and a fir s t refractive means output plane (8), the first refra c tive means input plane (6) 
and the first refractive means output plane (8) being at a predetermined angle ft k to each 
other, 0 < ft k n/ 2, 

the r e spective second refractive - mean s (4 k ) of each of the plurality of further pairs (55 ^) 
30 having a second refractive means input plane (10) and a second refractive means output 
plane (12), said s econd refractive mean s input plane (10) being positioned equidistant 
to the first refractive mean s output plane (8) and the second refractive means output 
plane (12) being positioned parallel to the first refractive means input plane (6) » 
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characterised in that 

the device (1) introduces a predetermined phase shift \\fp between the first optical beam 
(40) and a second optical beam (41), the second optical beam (41) running substantially 
parallel to the first optical beam (40) over an optical path length w 0 , a first optical axis 
(50) being defined from a device input surface (51) to a device output surface (52), the 
first refractive means (2k) having a first distance dk along the first optical axis (50) and 
the second refractive means having a second distance dk" along the first optical axis 
(50), the first optical beam (40) being at an angle 8k with the first optical axis (50) and 
a modified refractive index ak being defined as av = nir cos Ok. 

in which the sum dk of the first and second distance of the first and second refractive 
means (2k, 4 k ), respectively and the required optical path wp are detenriineci by solving 
the following equations for the wavelengths (Xa.. Am) at which the predetermined 
phase shift u/n should be obtained exactly: 


-w 0 +a 0 (X 0 )d 0 +• 


15 


20 


25 


-w 0 +a 0 (X M )d 0 +• 


2n 


23s Device according to claim 12, characterised in that the respective first 
refractive means (2 k ) of the plurality of furthe rk element pairs (55k) are positioned 
adjacent to each other, forming a first group, the respective first refractive means (2k) in 
the first group being in physical contact. 

34. Device according to claim 13 or ^3, characterised in that the respective 
second refractive means (2k) of the plurality of further k element p airs (55k) are 
positioned adjacent to each other, forming a ^second group, the respective second 
refractive means (2 k ) in the second group being in physical contact. 

45. Device according to claim 23. or 34, characterised in that the respective first 
and second refractive means (2k, 4 k ) of the plurality of furth e r k element pairs (55 k ) are 
positioned symmetrically on respective sides of the firs \elenient p air (55o). 
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56. Device according to one of the claims 12 through 54, characterised in that 
aH-o fcthe refractive index (nQ of the fm*st refractive means (2k) and the second refractive 
means (4*) of a specific pair a ll of the plurality of furthe rk element pairs (55k) is ba^e-a 
substantially equa l refractive index (nj jft 

62. Device according to one of tne claims 1 through 56, characterised in that 
spaces between the first refractive means (2k) and the second refractive means (4 k ) of 
each of the firct pair (SSp) and plurality of furthe rk element pairs (55k) are filled with a 
predetermined medium having a predetermined refractive index (no). 


7&. Device according to one of the ciaims 1 through 62, characterised in that the j 
device further comprises first control means for moving the first refractive means (2k) 

:kt lc 
idth 


and the second refractive means (4 k ) of W least one of the fir6t pair (S5p) and the 
plurality of further k element pairs (55k) w^ respect to each other, the direction of 
movement being perpendicular to a line of^intersection of the input surface and output 
surface of the first refractive means (2k) 


8£. Device according to one of the claims 1 through 7&, characterised in that the 
first and second refractive means (2k, 4k) are iprmed by a first and a second prism (2, 4; 
3, 5), respectively. 

940. Device according to one of the claims 1 through 8£, characterised in that 
the device (1) further comprises additional meams (35, 36) of a dispersive material for 
applying a chromatic correction to the optical beam, in which the dispersive material 
has a refractive index which is different from aVrefractive index (n k ) of the first and 
second refractive means (2 k , 4k) of the first pai^ (55 0 ) and plurality of further pairs 
(55 k ). 

11 . Device a ccording to one of the claims 1 through 10, characteri s ed in that 

the device (1) introducee a predetermined phage shift ^between the first optical beam 
(40) and a second optical beam (41) , the second optical beam (41) running substanti a lly 
parallel to the first optical beam ( 4 0) over an optical path length w Q , a first optical axis 
(SO) being defined from a device input surface (51) to a device output surface (52), the 
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first refractive means (2y) having a first dietari e s <W along the first optic a l a xis (50) and 
the second refractive means having a second distance djT along the first optical axis 
(50), the fir s t optical beam (40) being at an angle Q k with the fir 6 t optical axis (SO) and 
a modified refractive index a^ being defined a s a^^rCOfr^Q^ 

in which the sum dfc of the first and second distance of the fir s t and s econd refractive 
means (2^ 4^ respectively and the required optical path w 0 are determined by solving 
the following equation s for the wavelengths (?cq ...?c m) a t - which the predetermin ed 
phase shift *po should be obtained exactly; 


10. Achromatic phase shift device for introducing a wavelength independent 

optical phase shift in a first optical beam during operation, comprising at least one 
dispersive element, 

the at least one dispersive element comprising k element pairs (55k), k being an integer 
between 1 and M, each element pair being formed by respective first refractive means 
(2 k ) and second refractive means (4 k ), 

the first refractive means (2k) having a first refractive means input plane (6) for 
receiving |t&e)first optical beam (40) and a first refractive means output plane (8), the 
first refractive means input plane (6) and the first refractive means output plane (8) 
being at a predetermined angle ftv to each other. 0 < pw < 7i/2, 

the second refractive means (4 k ) having a second refractive means input plane (10) and 
a second refractive means output plane (12), said second refractive means input plane 
(10) being positioned equidistant to the first refractive means output plane (8) and the 
second refractive means output plane (12) being positioned parallel to the first 
refractive means input plane (6), 
characterised in that 

12 , Device according to one of the claims 1 through 10 , characteri s ed in that 
the device introduces a predetermined phase shift \|/ 0 between the first optical beam 
(40) and a second optical beam (41), the second optical beam (41) running substantially 


AMENDED SHEET 


10 


15 


parallel to the first optical beam (40) over an optical, path length w 0 , a first optical axis 
(50) being defined from a device input surface (51) to a device output surface (52), the 
first refractive means (2 k ) having a first distance dk along the first optical axis (50) and 
the second refractive means having a second distance dk along the first optical axis 
(50), the first optical beam (40) being at an angle 0 k with the first optical axis (50) and 
a modified refractive index a^ being defined as a k = n* cos 9 k , 

in which the sum d k of the first and second distance of the first and second refractive 
means (2 k , 4 k ), respectively, and the required optical path w 0 are determined by 
requiring constant terms and terms with X 2 , A. 3 ,, . ., A. M to become zero and the term with 
X to become equal to \|/o/2rc in the equation for the introduced optical path length 
difference wa(A.) according to 


M-1 


w d (X) = -w 0 +£>ko +a k1 (X-X Q ) +a k2 (>.-A, 0 ) 2 


k=0 


in which a^, ak2, . . . — series expansion coefficients of the modified refractive index a k , 
according to 

a k = a.0 + a k1 (X - X 0 ) + a k2 -*o ) 2 

in which X is a wavelength of the optical beam (40) and Xo is a central wavelength of a 
predetermined spectral band. 


H3>. Interferometer having a first input plane and a second input plane for 
20 receiving at least a first and a second optical beam and an interference plane for letting 
the at least first and second optical beam interfere, a first optical path being formed 
from the first input plane to the interference plane and a second optical path being 
formed from the second input plane to the interference plane, 

comprising optical path delay means for introducing an optical path difference between 
25 the first optical path and the second optical path, characterised in that the 
interferometer further comprises at least one achromatic phase shift device according to 
one of the claims 1 through 102, positioned in at l^ast one of the first optical path and 
the second optical path. 


30 124. Interferometer according to claim H3., characterised in that an achromatic 

phase shift device is positioned in each optical path. 
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13S. Interferometer according to Alaim 113. or 124, characterised in that the 
interferometer comprises main control means for maintaining the phase shift (\yo) 
between the at least first and second beamy at a predetermined value, the main control 
means being connected to the optical path\delay means (26,27), and the first control 
means. 

A 

146. Interferometer according to claim j^4*> characterised in that the | 
predetermined value is equal to n. 


******* 
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